Objective: The Cox-Maze procedure (CMP) for the surgical treatment of atrial fibrillation (AF) traditionally has required a median sternotomy and cardiopulmonary bypass. This study describes a method using ablation technologies to create the full Cox-Maze lesion set through a 5-to 6-cm right minithoracotomy. Methods: Twenty-two consecutive patients underwent a CMP through a right mini-thoracotomy and cardiopulmonary bypass. All patients were followed prospectively with electrocardiogram and 24-hour Holter monitoring at 3, 6, and 12 months. The CMP lesion set was created using bipolar radiofrequency energy and cryotherapy. Results: There was no operative mortality or major complications. Two patients required a permanent pacemaker. Five patients (23%) had early atrial tachyarrhythmias. At last follow-up (mean, 18 Ϯ 12 months), all the patients (n ϭ 22) were free from atrial dysrhythmias. At 3 months (n ϭ 19), 84% of patients were off antiarrhythmic drugs. At 6 months (n ϭ 18), 94% of patients were free from AF and off antiarrhythmic medications. At 12 months (n ϭ 16), 81% of patients were free from AF and off antiarrhythmic drugs and three patients remained on warfarin for a mechanical mitral valve.
A trial fibrillation (AF) is the most common arrhythmia affecting patients in the United States with a prevalence of Ͼ2 million people with projections. 1 It is associated with significant morbidity, estimated as the cause of 15% of all strokes. 1 The Cox-Maze procedure (CMP) has been the gold standard for the surgical treatment of AF since its introduction in 1987. The strategy of this procedure was to make surgical incisions on the atria to disrupt the reentrant circuits thought to be the cause of AF. 2 The Cox-Maze III procedure has been very effective in curing symptomatic AF with an ϳ90% success rate. [3] [4] [5] [6] Unfortunately, it was not widely adopted largely because of its complexity and invasiveness. The procedure was traditionally performed through a median sternotomy and required a long period of cardiopulmonary bypass (CPB) and cardiac arrest.
In an effort to make the CMP less invasive and quicker to perform, several groups, including our own, have used ablation technologies to replace the various incisions. A number of different energy sources have been used for ablation, including unipolar and bipolar radiofrequency (RF), cryosurgery, microwave, laser, and ultrasound. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] These new technologies have simplified the CMP. At this institution, the average crossclamp time dropped from 93 minutes in the Cox-Maze III to 35 minutes for the RF ablation-based Cox-Maze IV (CMIV) procedure 8, 17 while still maintaining equivalent efficacy. 18 Despite these successes, the RF ablation-assisted CMP was initially done through a sternotomy. The purpose of this study was to describe a surgical technique to perform a full CMIV lesion set through a 5-to 6-cm right mini-thoracotomy approach.
METHODS

Study Population
Twenty-two consecutive patients undergoing a CMIV through a right mini-thoracotomy between May 2005 and February 2009 were included in this study. All patients evaluated for CMIV at this institution were considered for a thoracotomy. Relative contraindications included previous thoracotomy, a left atrial thrombus, and large body habitus based on surgeon discretion. In patients with a left atrial thrombus, a median sternotomy has been the preferred approach to lower the risk of an embolic event and allow for complete excision of the left atrial appendage, which is not possible through a right thoracotomy. Patients who also required surgical coronary revascularization or an aortic valve replacement were not offered a thoracotomy.
The characteristics of the study population are summarized in Table 1 . The mean age was 55 Ϯ 9 years and approximately half of the study cohort was male. The mean duration of preoperative AF was 6 Ϯ 7 years. The mean left atrial diameter was 4.4 Ϯ 0.9 cm. More than one-third of patients (36%) had concomitant mitral or tricuspid or both procedures ( Table 2 ).
Follow-Up
All patients were followed prospectively and no patient was lost to follow-up. At each follow-up visit, the patients received an electrocardiography. In addition, at 3, 6, and 12 months, each patient had a 24-hour Holter monitor. Mean total follow-up was 18 Ϯ 12 months.
Surgical Technique
The patient was intubated with a double-lumen endotracheal tube after induction of anesthesia and positioned with the right chest elevated ϳ30 to 40 degrees. After prepping and draping, the right femoral artery and vein were exposed through a small right inguinal incision, parallel and just inferior to the inguinal ligament. After heparinization, these vessels were cannulated for CPB. A right lateral thoracotomy was performed for access to the atrium. A 5-to 6-cm incision was used to access the chest through the fourth intercostal space (Fig. 1 ). The right lung was deflated, and the pericardium was opened to expose the heart, and CPB was established. The interatrial groove was dissected. The superior vena cava and inferior vena cava were mobilized. For the administration of antegrade cardioplegia, a catheter was placed in the proximal ascending aorta. A separate stab incision was made in the right chest for placement of a Blake drain to infuse carbon dioxide into the chest to prevent air embolism.
Once this exposure was complete, the patient was cardioverted if needed into normal sinus rhythm. To create the Cox-Maze lesion set, a bipolar RF clamp and multiple cryoprobes were used to create the lines of conduction block as shown in Figure 2 . The right pulmonary veins were bluntly dissected and encircled with umbilical tape. A bipolar RF clamp was used to isolate a cuff of left atrial tissue surrounding the right pulmonary veins. Pulmonary vein isolation was documented by pacing from both the pulmonary veins to confirm exit block.
The patient was cooled to 34°C, and the right-sided lesions of the Cox-maze were created on CPB before cross-clamping. A purse string suture was placed in the base of the right atrial appendage, and the bipolar clamp was used to make a right atrial free-wall ablation, inserting one of the jaws through a stab incision in the middle of this purse string. A right vertical atriotomy was performed ϳ2 cm inferior to the previous line of ablation, extending from the interatrial septum up toward the atrioventricular groove. The superior aspect of the atriotomy was con- nected to the tricuspid annulus using a combination of bipolar RF and cryoablation. A linear cryoprobe ( Fig. 3 ) cooled to Ϫ60°C for 2 minutes was used to complete the connection to the tricuspid annulus at the 2 o'clock position. From the inferior aspect of the atriotomy, the bipolar clamp was used to create ablation lines up to the superior vena cava and down to the inferior vena cava. A final ablation line was placed across the right atrial endocardial surface from the base of the right atrial appendage down toward the tricuspid annulus at the 10 o'clock position using the linear cryoprobe. The right atrium was then closed with a running 4-0 Prolene suture. If a mitral valve procedure was planned, the retrograde cardioplegia catheter was placed into the coronary sinus under direct vision before closing the right atrium.
A transthoracic cross-clamp was then positioned through a separate stab incision, and the left-sided lesions of the CMP were created. After cross-clamping, cold blood cardioplegia was infused in an antegrade fashion into the aortic root. The left atrium was opened with a standard left atriotomy to expose the posterior left atrium. The bipolar clamp was used to create lesions into the left superior pulmonary vein and then the left inferior pulmonary vein from the superior and inferior aspects of this atriotomy, respectively. A final application of the bipolar device was used to create a lesion down toward the mitral valve annulus, approximately at the midpoint of the P2 cusp of the posterior leaflet. The clamp was placed across the coronary sinus. Cryotherapy was used to finish this line of conduction block with a 15-mm bell-shaped cryoprobe cooled to Ϫ60°C for 2 minutes. This cryolesion connected the bipolar ablation line to the mitral annulus. An additional cryolesion was occasionally placed across the coronary sinus with a linear cryoprobe if there was doubt about the adequacy of the bipolar ablation. Isolation of the posterior left atrium was completed with a T-shaped cryoprobe ( Fig. 3) . A cryolesion was placed behind the left pulmonary veins to connect the two bipolar RF ablation lines on the posterior left atrium. The base of the left atrial appendage was over sewn, and this suture line was connected to the previous ablation line with a final application of the T-shaped cryoprobe. A left ventricular vent was placed through the right superior pulmonary vein, and the left atriotomy was closed with a running 4-0 Prolene suture. The aorta was unclamped. After rewarming, the patient was weaned from CPB.
RESULTS
There were no operative mortalities or major complications. Cross-clamp time for patients undergoing a stand-alone CMPs averaged 48 Ϯ 7 minutes. Perioperative complications were similar to previous experience with the CMIV at this institution 19 and are summarized in Table 3 . Two patients required a permanent pacemaker, and five patients had early atrial tachyarrhythmias.
Freedom from AF, as assessed by Holter monitoring, was excellent as shown in Figure 4 . At 6 months follow-up, 94% patients were free from AF. Antiarrhythmic medication usage steadily declined over the first year ( Fig. 4) . At 12 months, 81% of patients were off antiarrhythmic drugs. All patients on antiarrhythmic drugs at last follow-up were in sinus rhythm. Warfarin use steadily declined as well. At 12 months, two patients (15%) were still on warfarin and did not have a mechanical valve replacement. At our center, anticoagulation is stopped usually at 3 months once the patient is documented to have no episode of AF on prolonged monitoring 1 month after discontinuation of all antiarrhythmic drugs. Echocardiography is also performed in all patients before discontinuation of warfarin to rule out left atrial stasis or left atrial thrombus. There were no late strokes.
DISCUSSION
This study demonstrated that the full CMP can be performed through a mini-thoracotomy with minimal morbidity and mortality while still maintaining excellent results. In this short-term follow-up, 100% of patients were free from AF at 12 months and with Ͼ80% off antiarrhythmic drugs. The entire experience at our institution with the RF-based CMIV, including those performed through a sternotomy, was similar with 94% freedom from AF at 12 months and 78% off antiarrhythmic medications.
To make the CMP technically less demanding and less time consuming, we used bipolar RF and cryoablation to develop the CMIV at this institution. 8 Bipolar RF clamps are quick, averaging only 11.1 Ϯ 4.3 seconds of ablation per lesion. 20 More importantly, they reliably create transmural lesions, a prerequisite when surgically treating AF. 17, [21] [22] [23] This technology allowed refinement of the technique into a less invasive approach. Cryoablation was substituted for bipolar RF in places not amenable to clamping. This included the tissue near the tricuspid and mitral annuli and occasionally the coronary sinus. This is a safe and reliable technology that has been used for decades in arrhythmia surgery. [21] [22] [23] [24] [25] [26] Transmurality is assessed by observing the ice ball go through the atrial myocardium. It has the advantage over heat-based ablation in that it preserves tissue collagen and the structural integrity of the heart. 27 Our group has preferred this technology near the cardiac valves for this reason.
Some minimally invasive surgical treatments for AF have removed many of the original CMP lesions and instead concentrated on pulmonary vein isolation and ganglionated plexus ablation to reduce complexity. Generally, these limited procedures have performed worse than the full CMP lesion set, particularly in patients with persistent and long-standing AF and in patients with organic heart disease. 28 -32 Because patients are reluctant to undergo a second redo surgical procedure for their AF, it has been our policy to perform the full CMP lesion set in all patients undergoing valve surgery and in patients with long-standing lone AF. However, in patients with small left atria (Յ5 cm) and lone paroxysmal AF, our center and others have had good results with pulmonary vein isolation, and this is a reasonable procedure that can be performed off CPB. In patients undergoing valve surgery, we have preferred a full CMP lesion set because the results of pulmonary vein isolation in these patients have generally been poor. 29, [33] [34] [35] [36] Moreover, surgically converting AF into sinus rhythm has been associated with better early and late survival and less thromboembolic events during follow-up for patients with mitral valve disease. [37] [38] [39] [40] Thus, this less invasive full CMP is an excellent option, particularly in patients with longstanding or persistent lone AF and in patients with AF and concomitant valvular heart disease.
Limitations
This study has some limitations. The small patient population from this study does not represent the population of all AF patients. The majority of the patients in this study had paroxysmal AF, and further study is needed to determine the effectiveness of this procedure in persistent AF because the percent of paroxysmal AF in other studies examining the efficacy of the CMP have had a paroxysmal rate closer to 50%. 19, 41, 42 Finally, follow-up was limited to 1 year. Larger series with a more diverse patient population and long-term follow-up are needed to fully assess the efficacy of this approach.
